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Abstract 
This study aims to find out the necessary target travel speeds of roads in functionally hierarchical 
network which can achieve the target travel times for connecting centers with five different functions, 
considering the distribution of centers in the subjective area. In this paper, hierarchical road 
classification scenarios which consists of target travel speeds and road spacings are developed for 
differentiating road functions. Then travel times under the certain scenario are numerically calculated 
by an approximate method. Here, the calculation is based on a combination of hypothetical grid 
network and the actual motorway network. Finally, an application study of Tokaido region in Japan 
and southwest region in Germany demonstrated the impact of hierarchical road classification scenario 
on the achievement of the target travel time between centers in different categories. 
 
Keywords: road network planning, target performance, functional hierarchy 
1 Introduction 
1.1 Background 
Functionally hierarchical road network is the network where individual roads are classified into 
several levels and operated based on the priority for mobility, access or residential functions. This 
principle has been widely introduced since long ago with recognizing advantages in both mobility and 
safety. In order to make a road network “functionally hierarchical”, it is necessary to provide 
satisfactory performance at each hierarchical road level so that different kinds of movements (e.g. 
passing-through, accessing roadsides and parking) as well as users (e.g. automobiles, pedestrians and 
cyclists) can be spontaneously segregated into appropriate road levels. Therefore, performance 
evaluation is quite important at every stage of road planning, design and operation. It can improve not 
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only a single road element such as link, intersection or segment, but also a whole network in terms of 
quality of road traffic.  
However in Japan, highways and streets have been planned, designed and operated usually based 
on traffic demand and capacity only, and performance is still not commonly evaluated in practice 
particularly at the planning stage. Although there is a road categorization by Road Structure Ordinance 
(Japan Road Association, 2015), it does not mention the target performance which should be achieved 
in each category. Thus, on one hand, signalized intersections are densely placed and roadside access is 
not properly controlled on urban arterial roads which should prioritize mobility function. On the other 
hand, many residential areas suffer a problem of passing-through traffic which deteriorates safety and 
calm, since traffic calming devices are seldom equipped on minor local road which should prioritize 
residential function. As a result, most of highways and streets except motorways are not well 
distinguished in terms of their operational performance. According to the Road Traffic Census 
conducted in 2010, average travel speeds on highways in congested peak hour are about 35km/h 
regardless of their road categories, and significantly lower than the average travel speed on motorways 
that is about 80km/h (Shimokawa, et al., 2012).  
In such a situation, reorganization of functionally hierarchical road network is one of the crucial 
tasks in Japan. Therefore, Japan Society of Traffic Engineers (JSTE) proposed a framework of 
“performance-oriented road planning, design and operation” (Research Group on Highway Capacity 
and Quality of Service, JSTE, 2015). In this framework, performance of a road segment is evaluated 
by comparing with the “target performance” which is defined according to the hierarchical road 
classification, and its geometrical structure and/or traffic control policy are/is reconsidered and 
improved so that the gap between the actual/expected performance and the target one can be 
minimized. However, there is still missing the concrete hierarchical classification which presents the 
necessary number of road levels and the target performance of each level. 
1.2 Objective 
This study aims to provide the target performances for functionally hierarchical classification at 
road planning stage. As a primary approach, “travel speed” is adopted as a performance measure of 
each road level by focusing on automobiles’ mobility function only. The main research questions are 
how many levels are necessary and how to determine the target travel speed of each level.  
Then, the objective of this paper is to find out appropriate scenarios of hierarchical road 
classification as illustrated in Figure 1 for achieving the “target travel time” between representative 
places defined as “centers” (Details of a concept of “center” and target travel time are explained in 
Section 2). Under a certain classification scenario, “target travel speed profile” is determined by 
“target travel speeds” of individual road levels as well as “access distances” from a center to them. 
Since whether the scenario can achieve target travel time or not depends on the distance between 
centers and which varies by area and terrain, evaluation of classification scenarios is conducted in 
several areas with different characteristics. 
1.3 Literature Review and Scope of the Study 
(i) Guidelines with hierarchical road classification 
Since the performance-oriented road planning, design and operation are already common in several 
developed countries, target performance under functionally hierarchical classification is available in 
some existing guidelines. For example, “appropriate level of service” is provided for four road levels 
(i.e. freeway, arterial, collector and local) under specific area and terrain type (i.e. rural level, rural 
rolling, rural mountainous and urban and suburban) in the United States (AASHTO, 2011), and ranges 
of speed for ten road levels are stated as one of the performance criteria named “traffic speed 
environment” in Queensland, Australia (Eppel, et al., 2001). These settings can distinguish 
performances of different hierarchical road levels; but these do not consider a relationship to their 
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upper target performance, namely target travel time between centers in this paper. 
The German guideline RIN (FGSV, 2008) gives lots of insights in this regard. RIN firstly defines 
several types of centers (central places) according to the necessary daily-life and urban functions, and 
the target travel time is set for each type of these centers. That is exactly the basic idea applied to this 
study. In this guideline, a hierarchical road classification is established by combining “connection 
hierarchy” by type of centers’ connection and “road category” by roadside environment. However, 
road category is not uniquely determined and there are two/three options for one connection hierarchy. 
It may be making a room for road planner to take account of area characteristics, such as variation of 
distances between centers and geographical features, but the way how to consider these characteristics 
is not clearly mentioned with a quantitative relationship to the target travel times of centers. 
Distribution of centers, impact of terrain, topological characteristics of road network differs by 
Japan and Germany, or even by region inside Japan. This study attempts to reflect these characteristics 
to road classification. This is quite meaningful in Japan, since spatial distribution pattern of centers is 
not uniform: a large part of residential area is spread around metropolitan areas, whereas small villages 
are scattered rural mountainous area. 
(ii) Literature on hierarchical road classification 
In existing studies, Miyagawa (2011) optimized the ratio of road areas in a two-level grid network 
by minimizing total/maximum travel time, and Kuwahara, et al. (2011) analyzed the impact of ratio of 
road spacings and ratio of travel speeds on average travel distance and time, based on theoretical 
calculation. However, these analyses are limited to the urban network and distribution of the 
subjective origin-destinations is not considered by assuming uniform demand. 
Regarding the intercity network, some studies are found in the field of topology, for example, 
Yerra and Levinson (2005) and Zhang and Zhilin (2011) demonstrated the emergence of hierarchy in a 
road network under the assumed demand. From the viewpoint of road design, Vitins, et al. (2012) 
investigated how road network performance is affected by a connecting rule and junction types of 
different road levels. Melkote and Daskin (2001) integrated a network design model which determines 
travel speeds of roads into a facility location model which reallocates urban centers. However, all of 
these studies are based on the assumption that the greater traffic demand a road has, the higher its 
hierarchical level becomes. As this study attempts defining the target of individual roads, that should 
not necessarily depend on demand but rather be determined by future policy how much level of 
service will be ensured.  
 
Figure 1: Schematic illustration of target travel speed profile in functionally hierarchical road network 
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1.4 Structure of the Paper 
The following parts of this paper are organized as follows: 
Firstly, definition of “centers” and the target travel time between them are introduced in chapter 2 
by refereeing to the proposal of JSTE (2015). Secondly, possible hierarchical road classification 
scenarios are developed, and their expected performance, i.e. travel time by trip distance, is estimated 
based on theoretical calculation in chapter 3. At the end of this chapter, the maximum distance 
between centers within the target travel time is obtained. Thirdly, in chapter 4, some application study 
is conducted to evaluate the hierarchical road classification scenarios developed in chapter 3, using 
actual distribution of centers in the selected areas of Japan and Germany. Through this analysis, 
appropriate hierarchical road classifications and future issues are suggested considering the area 
characteristics. Finally, conclusion and future works are given in chapter 5. 
2 Definition of “Centers” and Target Travel Time Settings 
Table 1 shows a categorization of “centers” and target travel time setting in Japan proposed by 
JSTE (2015). The basic concept of this proposal refers to German transportation network guideline 
RIN, by incorporating Japanese situation and long-term future plan described in the national grand 
design in Japan (Ministry of Land, Infrastructure, Transport and Tourism (MLIT), Japan, 2014). 
In this proposal, a concept of “center” is defined as the point which represents the “center area” 
where facilities which provide necessary daily-life/urban functions are located. There are five 
categories of centers, from Metropolitan Center (MEC) as the highest level in the largest national scale 
to Community Center (CMC) as the lowest level in the smallest local scale. These centers are defined 
based on not just administrative boundaries or the number of inhabitants, but rather function of the 
place represented by facilities located inside.  
Category of 
centers 
(abbreviation) 
Function 
(typical facility located in the center 
area) 
Target travel time [min] 
from individuals 
(CMCs) to the 
nearest center 
btw. neighboring 
centers in the 
same category 
Metropolitan 
Center 
(MEC) 
National scale (national office branch, 
bullet train station, international airport, 
etc.) 
180 180 
Upper Urban 
Center 
(UUC) 
High urban functions of administrative, 
cultural and economic in regional scale 
(rapid train station, prefectural office, 
domestic airport, tertiary medical facility, 
university, department store, etc.) 
60 90 
Lower Urban 
Center 
(LUC) 
Urban functions in daily-life scale (train 
station, municipality office, hospital, 
shopping mall, high school, etc.) 
30 45 
Small Center 
(SMC) 
Minimum primary daily-life functions, 
especially in rural area (ward office, 
supermarket, bus terminal, clinic, etc.) 
15 20 
Community 
Center 
(CMC) 
Residential function only (assembly hall) -(walking) -(walking) 
Table 1: Categorization of centers and target travel time settings (proposed by JSTE (2015)) 
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Two types of “target travel time” are set for each category of centers. One is “target travel time 
from individuals to the nearest center” that ensures people can reach the functions of each center. The 
other is “target travel time between neighboring centers in the same category” for complementing and 
coordinating their functions each other. 
Every facility inside center area can be origin and destination for setting the target travel time, 
though a single point may be generally specified as representative so as to make an evaluation process 
simpler. In the same way, “individuals” can be represented by CMC, the center of residential area. 
3 Hierarchical Road Classification Scenarios 
In this chapter, possible hierarchical road classification scenarios are developed based on some 
assumptions stated in section 3.1. Then, travel time under the certain hierarchical scenario is estimated 
in section 3.2, in order to evaluate whether the scenario can achieve the target travel time.  
3.1 Assumptions for Hierarchical Classification Scenario 
(i) Combination of target travel speeds 
Hierarchical classification scenario contains a series of target travel speeds necessary for 
connecting centers. Although there are numerous combinations of target travel speeds in theory, these 
can be screened by considering differentiation of road functions and practical convenience. 
First of all, it shall be regarded that target travel speed can be set by a 10km/h-unit for practical 
convenience. 
Secondly, since this study focuses on mobility function of roads, local minor roads are not 
considered because the distance travelling on them is usually quite short and negligible for the whole 
travel time from origin to destination. Also, the target performance of such roads is not appropriately 
represented by travel speed. Thus, roads with the lowest travel speed considered in this study 
correspond to collector-distributor roads which are one level higher than the local minor roads. The 
target travel speed of collector-distributor roads is assumed as 20km/h, considering its access function 
which should be prioritized. 
Thirdly, roads with the highest travel speed are motorways, and their target travel speed usually 
varies around 70~100km/h depending on geometric structure and terrain. 
Consequently, possible target travel speeds between the lowest and the highest becomes only 30, 
40, 50 and 60km/h. From them, 30km/h and 50km/h are taken into consideration in this paper. The 
travel speed of 30km/h is regarded as similar condition to the current highways in Japan, while that of 
50km/h is the condition which may be realized by improving some of the current highways.  
Figure 2 summarizes the scenarios of hierarchical classifications considered in this paper. Since 
necessary road structure which can maintain the target travel speed is quite different in urban area and 
rural area, such a difference is considered as follows. In the case that origin/destination is CMC, SMC 
or LUC, since their center areas are relatively small, roads with 30km/h and 50km/h can be outside of 
urban area, and which are denoted by adding a subscript “R”. In contrast, in the case of UUC or MEC, 
these roads are still likely to be inside urban area, thus denoted by “U”. It should be noted that, as more 
various movements are expected around UUC and MEC, a scenario with both 30km/h and 50km/h is 
also included in Figure 2. Another important note here is that only one-level upper and lower roads 
can access each other in all the scenarios. 
(ii) Access distance from a center to each hierarchical level 
As shown in Figure 1, access distance from the center to each hierarchical road level is also 
necessary to consider in the estimation of travel time under the certain hierarchical scenario.  
In this study, grid-shaped road network is assumed around centers, thus access distance from the 
center to the hierarchical levels with 20~50km/h is dependent on their road spacings. As explained in 
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the previous subsection (i), hierarchical level with the lowest target travel speed 20km/h prioritizes 
access function, therefore its road spacing is also assumed to be given as 0.4km in this study 
considering the size of districts, necessary access density, etc. 
For highways with target travel speed 30~50km/h, generally road spacing should be larger when 
the target travel speed is higher. This is because if road spacing is shorter, number of junctions 
increases and accordingly total delay along a link increases, since not all the intersections can be 
overpassed for this hierarchical levels. In order to incorporate this relationship, Formula (1) is 
introduced.  
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Where, vi: target travel speed of level i [km/h], vfi: free-flow speed on level i (=vi+10) [km/h], r(i,j): 
average delay at junction between level-i and level-j (j=i or i-1) [sec], s(i,j): road spacing of level-j on 
level-i [km]. 
This formula assumes that travel speed of the certain hierarchical road level-i is determined by 
free-flow speed along a link and two types of junction delay; one is junctions with the same 
hierarchical level-i and another is junctions with level-(i-1) roads. Here, free-flow speed vfi is assumed 
to be 10km/h greater than target travel speed, since too large gap between free-flow speed and travel 
speed is generally not favorable. Average delay at junction is given by assuming the typical type of 
junctions in urban and rural area listed in Table 2 referring to a proposal of JSTE (2015). By inputting 
them, road spacing s(i,i) and s(i,i-1) are determined so that Formula (1) can be satisfied. 
Finally, target travel speeds and assumed road spacings for each road classification scenario are 
summarized in Table 3. It should be noted that not all the roads at the same level can be directly 
connected to the upper level in most cases; for example, in scenario “20&50R”, road spacing of level-1 
(s(1,1)) is 0.4km, but road spacing of level-1 on level-2 (s(2,1)) is 1.2km. That means, only one of three 
parallel level-1 roads can be directly connected to level-2 and the other two needs to make detour, as 
illustrated in Figure 3. 
For motorways which has the highest travel speed in the classification, the access distance is 
calculated based on the actual motorway network, since usually that is not easy to be modified 
especially in developed areas. In other words, position of centers in relation to the motorway is 
regarded as one of the area characteristics in this study. For simplicity, interchange spacing is assumed 
to be constant, which is 4.8km in urban area and 10km in rural area, respectively.  
 
Figure 2: Scenarios of hierarchical road classification considered in this study 
20
30U
50U 70~100
50U 70~100 unit of numbers: [km/h]
70~100
20
30R
50R 70~100
70~100
Urban area 
(roadside is developed)
(collector-distributor) (motorway)
UUC, MEC
CMC, SMC, LUC
Access Mobility
Rural area 
(roadside is not developed)
Function:
Functionally hierarchical road classiﬁcation considering area characteristicsA. Goto and H. Nakamura
737
  
3.2 Travel Time Calculation 
In each hierarchical network scenario, travel time of a given trip distance is numerically calculated 
for both of the routes with and without motorway. In this study, trip distance between two centers is 
defined as a Euclidean distance, therefore some simplifications are made for travel time calculation. 
(i) Travel time without accessing motorway 
As mentioned in 3.1(ii), grid network is assumed around center areas for the roads of 20~50km/h. 
Meanwhile, by assuming that origins and destinations are uniformly distributed inside the center area, 
average travel time under the shortest path can be calculated for each trip distance. Here, since trip 
distance is the Euclidean distance in this study, the shortest path and travel time in a grid network 
depend on the OD-direction θ as shown in Figure 4. This study approximately calculates the average 
travel time by using travel times in the case of θ=0, 15, 30, 45 degrees. In this method, it is possible to 
 same/lower 70~100 
km/h 
50km/h 30km/h 20km/h 
higher  
700~100 
km/h 
rural 
Overpass 
IC(Roundabout) IC(Roundabout) 
Unconnected 
urban IC(Signalized)/Overpass IC(Signalized) 
50km/h 
rural  Roundabout IC(Roundabout) Left-turn 
in/out only urban  Signalized Signalized 
30km/h 
rural   Roundabout Left-turn 
in/out only urban   Signalized 
20km/h urban    Unsignalized 
Note: IC(Roundabout/Signalized): Roundabout/signalized intersection at an interchange ramp terminal. 
Table 2: Assumed type of junctions connecting each road level (target travel speed) 
Scenario of 
highways 
Number 
of road 
levels n 
Subjective 
centers 
Level-1 
(i=1) 
Level-2 
(i=2) 
Level-3 
(i=3) 
Level-4 
(i=4) 
v1 s(1,1) v2 s(2,2) s(2,1) v3 s(3,3) s(3,2) v4 s(4,4) s(4,3) 
20&30R 
3 
CMC, 
SMC, 
LUC 
20 0.4 
30 0.8 0.4 
vM*a NA*b 
10 
None 
20&50R 50 2.4 1.2 
20&30U 
UUC, 
MEC 
30 1.6 0.8 
4.8 20&50U 50 3.6 1.8 
20&30&50U 4 30 1.6 0.8 50 4.8 vM*a NA*b 4.8 
(notation in the table is the same as Formula (1)). 
*a: target travel speed of motorway[km/h], assumed as 80~100km/h in this paper. 
*b: road spacing is not defined but the Euclidean distance from center to motorway and interchange spacing  
is given based on the position of center and motorway network. 
Table 3: Target travel speeds and road spacings in the hierarchical classification scenarios 
 
Figure 3: Schematic illustration of road spacing and connection between different hierarchical levels 
s(2,1)=1.2[km]
s(1,1)=0.4[km]
Level-2
Level-1
Level-1
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consider the detour caused not only by grid shape of the network but also by using the upper 
hierarchical levels. 
Based on this calculation, maximum distance between centers within each target travel time can be 
obtained as listed in Table 4. This maximum distance is defined as a Euclidean distance which is 
consistent with trip distance. Here, it should be noted that the common scenario is assumed for both 
areas around origin and destination centers, which results in the symmetrical target travel speed profile. 
Exceptionally in the case of CMC-UUC, since different conditions of road spacing and junction type 
are assumed for the hierarchical levels with 30km/h and 50km/h around CMC and UUC in Table 2 
and Table 3, target travel speed profile cannot be symmetrical. Therefore, maximum distances 
between CMC-UUC are listed for all combinations of the scenarios around CMC and UUC in Table 5.  
(ii) Travel time with motorways 
In order to take account of the position of centers in relation to the motorway, Euclidean distance 
from the center to motorway is used for calculating the travel time with motorway as illustrated in 
Figure 5. Here, it is assumed that “motorway access road” has the second highest target travel speed in 
a road classification, which is either 30km/h or 50km/h in this paper. Thus, travel time from the center 
to the motorway can be expressed as a sum of travel time along “motorway access road” (vertical 
arrow in red in Figure 5) and travel time from the center to the “motorway access road” (horizontal 
arrow in red) as written by the Formula (2). Travel time from the center to “motorway access road” 
can be calculated by the same method used for the travel time without motorway in the previous 
subsection (i).  
 
Figure 4: Schematic illustration of the Euclidean distance between centers and the shortest path 
type of connections 
of centers 
target travel time 
[min] (Table 1) 
maximum distance[km] under classification scenario 
20&30R/U 20&50R/U 20&30&50R/U 
SMC-SMC 20 7.4 9.5 - 
LUC-LUC 45 17.2 26.1 - 
UUC-UUC 90 34.2 54 50.8 
CMC-SMC 15 5.4 6.1 - 
CMC-LUC 30 11.3 16.2 - 
CMC-UUC 60 refer to Table 5 
Table 4: Maximum distance between centers that can be connected within the target travel time 
 UUC maximum distance[km] under classification scenario 
CMC  20&30U 20&50U 20&30&50U 
classification 
scenario 
20&30R 22.8 28.8 27.2 
20&50R 29.1 35.1 33.5 
Table 5: Maximum distance between CMC-UUC that can be connected within the target travel time 
¼¼
same Euclidean distance from the origin
Level-i
Level-i
The shortest-time route when θ=0
θ=0
Origin
θ=45
The shortest-time route when θ=45
(travel speed vi)
travel distance on level-i road
travel distance on the road lower than level-i
road spacing s(i,i)
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t        (2)  
Where, tacM: travel time from the center to motorway, xacM: Euclidean distance from the center to 
motorway, v2nd highest: target travel speed of “motorway access road” (the second highest speed in the 
classification), tacA: travel time from the center to “motorway access road”. 
Then, the maximum distance within the target travel time can be obtained by Formula (7). 
  ^ `Dac,ac,OtargetMmax ttTvX        (3) 
Where, Xmax: maximum distance between centers that can be connected within the target travel 
time, vM: target travel speed of motorway, Ttarget: target travel time, tac,O/D: travel time from the 
origin/destination center to motorway.  
Figure 6 describes an example of the maximum distances within one target travel time between 
centers under the certain scenarios with respect to the distances from the centers to motorway. Solid 
lines in the figure shows a result under the scenario with three hierarchical levels of target travel speed 
20km/h, 50km/h (highways) and 100km/h (motorway). The maximum distance without motorway 
shown by the orange line comes from Table 4 in the previous subsection (i) and that with motorway 
by the purple line comes from Formula (7). It can be interpreted that if actual condition of two centers 
 
Figure 5: Assumption for calculating the travel time in hierarchical network with motorway 
 
Figure 6: Relationship between distance from the centers to motorway and distance between cities 
IC motorway
Center
(SMC, LUC, UUC, etc.)
IC
motorway interchange spacing(given)
IC spacing¼1/4 (assumed distance from the center to access road)
Urban area around the center
assumed as grid-shape road allocation
Motorway access road
Distance to motorway xacM
(depending on 
centers distribution)
=The second highest level 
in the road network
{30km/h or 50km/h}
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w
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ce
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s 
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m
]
distance from the centers to motorway [km]
*Maximum distance that can be connected
within the target travel time
under the scenario”20&50” without motorway
* Dashed lines are for the case with the scenario”20&30”
Target travel time 
can be achieved 
without motorway
Target travel time 
can be achieved 
with motorway
100
* Maximum distance that can be connected within the target travel time
under scenario”20&50” with motorway of travel speed “100”km/h
Target travel time 
canNOT be achieved 
with/without motorway
20&50 w/o motorway
20&30 w/o motorway
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is plotted below the orange line, that pair can be connected within the target travel time without 
motorway; and if it is below the purple line, it can be connected with motorway. Anyway, the target 
travel time can be achieved as far as a plot is inside the color-shaded areas. Contrary to this, if a plot is 
above both lines, it is impossible to connect them within the target travel time. If the target travel 
speed of the mid-level road is not 50km/h but 30km/h, the maximum distances are shifted to the 
dashed lines. 
However, it should be noted that when distance between centers (vertical axis) is too short, the 
route with motorway becomes longer than that without motorway because of the assumed distance 
from the center to “motorway access road” (in Figure 5). Moreover, if the distance from the centers to 
motorway (horizontal axis) is too long, traveling on lower levels becomes a major part of the whole 
trip, and that is not favorable even though the condition satisfies the target travel time. 
4 Application Study on the Impact of Hierarchical Road 
Classification Considering Distribution of Centers 
In this chapter, road classification scenarios are evaluated considering the actual distribution of 
centers and motorway network in Japan. For comparison, those in Germany are also analyzed. 
4.1 Data and Study Area 
(i) Data of centers and motorway network 
Distribution of centers, namely distance between centers in different categories as well as distance 
from centers to motorway are analyzed by using geographical information system (ArcGIS 10.2). 
Data of centers and motorway network in Japan is based on National Land Numerical Information 
(National Land Information Division, National Spatial Planning and Regional Policy Bureau, MLIT, 
Japan). Here, centers are detected by authors using the available information of public facilities, 
medical facilities, train stations, etc., considering the definition of centers of Table 1. 
Regarding the data in Germany, positions of centers are defined by the data on central places 
provided by Chair of Transport Planning and Traffic Engineering (Lehrstuhl Verkehrsplanung und 
Verkehrsleittechnik), University of Stuttgart, Germany. Here, it is assumed that the definition of 
central places in Germany can correspond to the definition of centers in Japan in this study; 
accordingly, “Metropolregionen (MR)” is translated into “Metropolitan Center (MEC)” and so forth. 
Data on motorway network in Germany is downloaded from Openstreetmap (Geofabrik GmbH and 
OpenStreetMap Contributors).  
(ii) Study area 
Tokaido region between Tokyo and Nagoya, Japan, and southwest region between Frankfurt am 
Main and Munich, Germany are selected as the study areas. Distribution of centers and motorway 
network in these regions are shown in Figure 7 and Figure 8. Both regions are in the similar scale, but 
characteristics of centers’ spatial distribution and shape of motorway network is quite different as 
shown in these figures. Specifically, centers in Japan are likely to be concentrated in urban area along 
Pacific Ocean side especially around Nagoya and Tokyo, but some of them are scattered around the 
rural mountainous area which is around the middle on the map. In contrary, every category of centers 
in Germany is rather uniformly distributed. Motorway network in Tokaido region is linearly 
developed between Tokyo and Nagoya, while that in southwest Germany looks like grid shape.  
(iii) Distance between centers  
Actual distances of necessary connection between centers are measured as Euclidean distance, in 
order to analyze with the maximum distances within the target travel times in the following steps. 
Figure 9 shows distributions of (a) distances from CMCs to the nearest SMC, LUC, UUC and MEC 
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respectively and (b) distance between neighboring centers in the same category. Since the number of 
respective pairs is too small for “MEC-MEC”, they are not shown in the figure. 
Generally in Figure 9 (a), distance from CMC which is represented as residential area to upper 
SMC, LUC and UUC is shorter in median and greater in variation in Japan than in Germany. It is 
 
Figure 7: Distribution of centers and motorway network in Tokaido region, Japan 
 
Figure 8: Distribution of centers and motorway network in southwest region, Germany 
  
(a) from CMC (individuals) to the centers (b) between the centers in the same category 
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considered that the reason for the shorter median value is because Japan is mountainous and most of 
residential areas have been developed in the limited flat space. The reason of the greater variation may 
be due to scattered villages in rural mountainous area. Another possible reason may be land use in 
Japan, which is not as strictly restricted as in Germany and thus residential area is more spread in 
various places. 
Meanwhile, distance between neighboring centers in the same category in Figure 9 (b) is shorter in 
Japan than in Germany with smaller variation except for UUC-UUC. It may be because many of 
centers in Japan are likely to be centralized near their upper urban area, due to the limitation of flat 
space as mentioned above. 
Here, it should be emphasized that the distance presented in Figure 9 is Euclidean distance; 
therefore it would be longer in reality owing to the detour of route, especially in mountainous rural 
area in Japan, where CMC and SMC are scattered around the middle in the map of Tokaido region in 
Figure 7. If this is taken into account, variation in Figure 9 (a) would become further greater.  
4.2 Achievement of target travel time by hierarchical road network 
In this section, measured distances between centers in the study areas are compared to the 
maximum distance obtained in Chapter 3. Through that, hierarchical classification scenarios are 
evaluated by counting how much percentage of pairs of centers can be connected within their target 
travel time. Although the target travel times in Table 1 are proposed for Japan and not same as that for 
Germany, these are applied to both Japan and Germany for comparison in this paper. 
(i) Connection of MEC-MEC 
Since there are only a few MECs in the study area, connections regarding them are not analyzed in 
this paper. Actually, it is mostly clear that the highest hierarchical level (i.e. motorway) should be used 
for connecting MEC-MEC. 
(ii) Connection of UUC-UUC 
In Figure 10, relationship between “actual distances between two neighboring UUCs” and “actual 
distances from them to motorway” are plotted and compared to the lines which show maximum 
distances connected within their target travel time (90min). For the case of Japan, data are plotted not 
only for study area (with darker plots) but also for all other area (with lighter plots). The maximum 
distances under the certain scenarios with/without motorway are drawn as same as an example of 
Figure 6, but the travel speed of motorways is assumed for four different cases from 70km/h to 
100km/h. 
A big difference in (a) Japan and (b) Germany is distances from UUCs to motorway, which seem 
to be longer in Japan than in Germany. If the distance to motorway is too long, the pairs of UUCs 
cannot be connected within their target travel time, even when travel speed on motorway becomes 
higher. This represents a typical issue in Japanese condition to be improved.  
This result is summarized by calculating the percentage of pairs of centers that achieve the target 
travel time for each scenario and shown in Figure 11. “20&30U”, “20&50U” and “20&30&50U” on the 
horizontal axis mean scenarios of highways denoting the combination of their target travel speeds. The 
height of the bottom bars with yellow~orange colors are the percentages of pairs that achieve the 
target travel time without motorway, and the bars with other colors and patterns on them show how 
much percentage can be increased by motorway with each target travel speed. 
By comparing the study area in Japan (Tokaido) and Germany (southwest region) in Figure 11, it 
is found that all the pairs can be connected by using motorway with 80km/h even though the travel 
speed of highways is 30km/h in maximum (“20&30U”). However, in Tokaido, Japan, observed 
average travel speed on motorway in mountainous area is below 80km/h even under uncongested 
condition in most of sections (Road Traffic Census by MLIT, 2010). Furthermore, travel distance may 
become longer due to detour in such a mountainous area. Considering these situations, it is 
recommended to have the highways with 50km/h (“20&50U” or “20&30&50U”), so that all the pairs 
can be connected even though travel speed for motorway is restricted to 70km/h.  
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Percentage of achieving the target travel time in Figure 11 is significantly lower when including all 
other area in Japan for the evaluation. As shown the lighter-gray plots in Figure 10, there are both 
problems on too long distance between UUCs (vertical axis) and long access distance to motorway 
(horizontal axis). Further investigation needs to be conducted in the future.  
(iii) Connection between CMC-UUC 
As another necessary connection related to UUC, Figure 12 shows the relationship between 
distance from CMC to motorway and distance between CMC-UUC in the cases for four specific 
UUCs: Mishima, Shizuoka, Darmstadt and Ulm. In those figures, classification scenario around UUCs 
are assumed to be “20&30&50U”, because it is recommended to have highway with 50km/h in the 
analysis of UUC-UUC in previous subsection (i), and highway with 30km/h may also be necessary for 
short trips inside UUC area. Then, travel time from the UUC to motorways can be regarded as a fixed 
value, and only a scenario around CMCs can be discussed. Accordingly, “scenario” in Figure 12 is for 
CMCs, and horizontal axis indicates only distance from CMC to motorway. Figure 13 is a summary of 
achievement of the target travel time (60min) for CMC-UUC under each classification scenario.  
Regarding both for (a)Shizuoka and (b)Mishima in Japan, it is found that the percentage of pairs 
that achieve the target travel time becomes greater in scenario “20&50R without motorway” than in 
scenario “20&30R with motorway 70km/h”. It means that most of the connection from CMC to UUC 
can be served by improving highway performance. Especially that is significant for (b)Mishima area, 
which can be characterized with longer distance from CMCs to motorway. Actually around Mishima 
  
(a) Japan (Tokaido and other area) (b) Germany (southwest region) 
Figure 10: Relationship between distance from UUCs to motorway and distance between UUC-UUC 
 
Figure 11: Achievement of the target travel time between UUC-UUC 
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there is a peninsula in the south and mountainous area in the north without extended motorway link. 
Improvement of highway travel speed is important also for (a)Shizuoka area, but some CMCs are 
located still too far from UUC. In order to connect the farthest CMC to Shizuoka within the target 
travel time, about 170km/h is necessary for travel speed on motorway. Since it is unrealistic to realize 
such a motorway, reallocation of CMCs should be integrated for achieving the target travel time in this 
area. 
  
(a) Shizuoka, Japan (b) Mishima, Japan 
  
(c) Darmstadt, Germany (d) Ulm, Germany 
Figure 12: Relationship between distance from CMC to motorway and distance between CMC-UUC 
 
Figure 13: Achievement of the target travel time between CMC-UUC 
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Connections to (c)Darmstadt in Germany generally have short distance and all of them can be 
achieved without motorway. It is because Darmstadt is located near MEC (i.e. Frankfurt am Main) 
where UUCs are relatively densely located, thus it is not necessary for one UUC to cover a large area. 
Regarding (d)Ulm, percentage of achievement is quite low, because motorway network in this area is 
not dense. However, a road level which is missing in this study may be able to work for this 
connections in reality; although this study only considers motorways and highways with 20, 30, and 
50km/h, some important main road in Germany has higher travel speed than 50km/h even which is not 
categorized as motorway. This part should be further analyzed and incorporated in the scenario 
development of section 3.1 in future works.  
(iv) Connections of lower centers 
Connections of lower centers such as SMC and LUC should be basically done without motorway 
for segregating traffic. In the case without motorway, actual distance between centers can be directly 
compared to the maximum distances in Table 4. As a result, Figure 14 shows the summary of the 
percentage of pairs of centers that can achieve the target travel time for the case of SMC-SMC, LUC-
LUC, CMC-SMC and CMC-LUC. In this figure, gray bars show percentages achieved by road level 
with 20km/h only, and yellow and orange bars show the increase of the percentages by accessing the 
road levels with 30km/h and 50km/h. 
From this figure, it is found that even the hierarchical level with travel speed 30km/h or 50km/h is 
not necessary in more than a half of these connections. Especially, more than 90% of SMC-SMC and 
LUC-LUC can be connected by only roads with 20km/h in Japan. This percentage is not so high in 
Germany and considered as one of the characteristics of Tokaido region, where cities and urban areas 
are the most centralized and developed in the country.  
For CMC-SMC and CMC-LUC, which are the connections from residence to daily-life centers, 
around 20~25% of the pairs cannot be connected within the target travel time under any scenario, 
whereas 65~75% can be connected only using roads with 20km/h. This is because of the large 
variation of actual distance between centers due to scattered villages and land-use problem mentioned 
in section 4.1. For connecting centers with quite long distances, motorways are necessary, however it 
is probably not realistic to connect these lower centers by motorway considering the cost limitation. 
That means strategic reallocation of residential areas as well as daily-life centers needs to be 
considered for the long-term regional planning.  
 
Figure 14: Achievement of the target travel time between centers CMC, SMC and LUC 
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5 Conclusion and Future Work 
This study developed a framework which can evaluate functionally hierarchical road classification 
scenarios under the certain distribution of centers and the existing motorway network. Through the 
application study, some considerations were obtained on the necessary target travel speeds in 
hierarchical road classification as well as the distribution of centers in the case of Tokaido region in 
Japan. 
Regarding the necessary target travel speeds in hierarchical road classification: 
¾ roads with the target travel speed of 50km/h may be better to be incorporated in the network 
around Upper Urban Center (UUC), especially when travel speed of motorway section is lower 
than 80km/h, 
¾ roads for connecting Lower Urban Centers (LUCs) and Small Centers (SMCs) generally do not 
need to be distinguished and the target travel speed of them do not need to be so high like 
50km/h in order to achieve the target travel time, and 
¾ roads with the target travel speed of 50km/h can significantly work in the network around 
Community Center (CMC) for the connection to the Upper Urban Center (UUC). 
Regarding the distribution of centers: 
¾ long access distance from the Upper Urban Center (UUC) to motorway needs to be improved, 
and 
¾ some Community Centers (CMCs) such as scattered villages can hardly access the upper 
centers (SMC, LUC and/or UUC) even under the improved functionally hierarchical road 
network, therefore reallocation of these centers needs to be taken into account. 
Since the application study in this paper is only limited to two areas, it is necessary to further 
investigate applicability of these considerations by conducting more detailed analysis as well as 
comparison with other regions. In the further analysis, it may be better to verify the impact of the 
target travel time and some assumptions in travel time calculation. Besides, comparison of the real 
travel speed profile and target speed profile obtained through this study will be interesting for 
detecting the road sections which need to be improved. At the end, it should be mentioned that 
although this study demonstrated the impact of hierarchical road classification on the achievement of 
the target travel times, significance of that impact in society should be further included in the 
evaluation by considering population or some attractiveness of centers in future research. 
Acknowledgement 
The authors would like to show their gratitude to Prof. Dr.-Ing. Markus Friedrich at University of 
Stuttgart for providing the data and the information on central places in Germany. 
References 
American Association of State Highway and Transportation Officials (AASHTO). (2011). A Policy on 
Geometric Design of Highways and Streets. CD-ROM. 
Eppel, V., Bunker, J., & McClurg, B. (2001). A four level of road hierarchy for network planning and 
management. Proceedings 20th ARRB Conference. 
Forschungsgesellschaft fur Strasen -und Verkehrswesen (FGSV). (2008). Richtlinien fur integrierte 
Netzgestaltung RIN (in German). 
Functionally hierarchical road classiﬁcation considering area characteristicsA. Goto and H. Nakamura
747
  
Geofabrik GmbH and OpenStreetMap Contributors. (n.d.). Retrieved 10 02, 2015, from 
OpenStreetMap data for Germany: http://download.geofabrik.de/europe/germany.html 
Japan Road Association. (2015). Explanation and Application of Road Structure Ordinance. (in 
Japanese). 
Kuwahara, M., Wako, M., & Wang, R. (2011). A study on network design by hierarchical street 
allocation. Journal of Japan Society of Civil Engineers, Ser. D3 (Infrastructure planning and 
management) Vol.67, No.3, pp.230-243. (in Japanese). 
Melkote, S., & Daskin, M. (2001). An integrated model of facility location and transportation network 
design. Transportation Research Part A, Vol.35, pp.515-538. 
Ministry of Land, Infrastructure, Tranport and Tourism (MLIT), Japan. (n.d.). Road Traffic Census 
2010. Retrieved 10 08, 2015, from http://www.mlit.go.jp/road/census/h22-1/ 
Ministry of Land, Infrastructure, Transport and Tourism (MLIT), Japan. (2014). Grand Design of 
National Spatial Development towards 2050, Japan -Creation of a country generating diverse 
synergies among regions. (in Japanese). 
Miyagawa, M. (2011). Optimal hierarchical system of a grid road network. Annals of Operation 
Research Vol. 172, pp.349-361. 
National Land Information Division, National Spatial Planning and Regional Policy Bureau, MLIT, 
Japan. (2014). National Land Numerical Information download service. Retrieved 10 02, 
2015, from http://nlftp.mlit.go.jp/ksj-e/index.html 
Research Group on Highway Capacity and Quality of Service of Japan Society of Traffic Engineers 
(JSTE). (2015). Final Report of Research Group on Highway Capacity and Quality of 
Service. Japan Society of Civil Engineers (in Japanese). 
Shimokawa, S., Utsumi, T., Nonaka, Y., Nakamura, H., & Oguchi, T. (2012). Significance and Future 
Works of Performance-oriented Method Considering the Hierarchical Road Classification. 
Conference on Infrastructure Planning and Management, Japan Society of Civil Engineers, 
Vol.45, 6 pages. (in Japanese). 
Transportation Research Board (TRB). (2000). Highway Capacity Manual 2000. 
Transportation Research Board (TRB). (2010). Highway Capacity Manual 2010. 
Vitins, B., Schuessler, N., & Axhausen, K. (2012). Comparison of Hierarchical Network Design 
Shape Grammars for Roads and Intersections. The 91st Annual Meeting of Transportation 
Research Board.  
Yerra, B., & Levinson, D. (2005). The emergence of hierarchy in transportation networks. The Annals 
of Regional Science, Vol.39, pp.541-553. 
Zhang, H., & Zhilin, L. (2011). Weighted ego network for forming hierarchical structure of road 
networks. International Journal of Geographical Information Science, Vol.25, No,2, pp.255-
272. 
Functionally hierarchical road classiﬁcation considering area characteristicsA. Goto and H. Nakamura
748
